Introduction
============

Excitotoxicity caused by glutamate through N-methyl-D-aspartate (NMDA) receptors is believed to play an important role in the neuronal loss in glaucomatous neuropathy. To understand the pathophysiology of glaucoma, which is characterized by loss of retinal ganglion cells (RGCs), mechanical and vascular theories have been proposed. Both theories have considerable overlap, and the component of excitotoxicity is compatible with both \[[@r1]\]. Although the vitreous levels of glutamate were not found to be elevated in patients with glaucoma \[[@r2]\], a definitive role of glutamate-mediated excitotoxicity in glaucomatous neuropathy is widely accepted \[[@r3],[@r4]\]. Excitotoxicity involves loss of ionic homeostasis that sets in a self-reinforcing cascade of events finally culminating in cell death. Initial depolarization involves α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, and subsequent activation of NMDA receptors leads to influx of Na^+^ and Ca^2+^ \[[@r4]\]. Increase in intracellular Ca^2+^ is particularly significant as it has several deleterious consequences, such as activation of proteases, nucleases, and lipases, production of free radicals, and mitochondrial injury, that sets in a self-escalating cascade leading to cell death \[[@r5]\]. Tymianski et al. showed that NMDA receptors are particularly efficient in initiating Ca^2+^ influx--associated apoptotic signaling \[[@r6]\]. Increased Ca^2+^ influx as a result of NMDA stimulation causes activation of Ca^2+^-dependent nitric oxide synthases (NOS), neuronal NOS (nNOS), and endothelial NOS (eNOS) \[[@r7],[@r8]\]. NMDA also stimulates inducible NOS (iNOS) expression, and this occurs in a Ca^2+^ independent manner \[[@r9],[@r10]\]. NOS activation causes increased NO production and formation of the nitrogen free radical, peroxynitrite (ONOO−). This nitrogen free radical triggers neuronal injury and apoptosis \[[@r11],[@r12]\]. Neufeld et al. demonstrated the presence of all three isoforms of NOS in the optic nerve head of eyes with primary open angle glaucoma \[[@r13]\]. The nNOS and iNOS expression was increased in astrocytes of the lamina cribrosa suggesting the presence of excessive levels of NO in the glaucomatous optic nerve head, which may be neurodestructive, locally, to the RGC axons.

Considering the prominent role of NMDA receptors in apoptotic loss of retinal cells, animal models with NMDA-induced retinal cell injury have been widely investigated and used for glaucoma-related investigations \[[@r14]-[@r16]\]. Lam et al. showed that intravitreal injection of NMDA in adult albino Lewis rats results in loss of inner retinal elements \[[@r17]\]. In other studies, antagonism of NMDA receptors was shown to protect against NMDA-induced retinal cell loss \[[@r18]-[@r20]\]. Magnesium (Mg), a calcium antagonist, is known to antagonize NMDA-mediated excitotoxicity \[[@r21]\]. Mg also inhibits elevated NOS activity in endothelial cells and neurons \[[@r22],[@r23]\]. Studies have also shown that taurine (TAU) has the ability to directly interact with NMDA receptors \[[@r24]\] and attenuate the effects of overactive NMDA receptors \[[@r25]\]. TAU protects neurons by inhibiting glutamate-induced increase in intracellular calcium \[[@r26]-[@r28]\]. Previous studies have shown that TAU reduces nNOS expression in high-glucose exposed Schwann cells and activated C6 glioma cells \[[@r29],[@r30]\]. TAU is a naturally occurring sulfonic acid derived from cysteine. It is the most abundant amino acid found in mammals and is widely distributed in animal tissues, especially nervous tissue and the retina \[[@r31]\]. TAU deficiency was shown to cause loss of RGCs along with cone photoreceptors in mouse \[[@r32]\]. Similarly, another study showed that TAU deficiency causes retinal damage as indicated by morphological and electroretinogram changes while infusion of TAU protects against retinal damage \[[@r33]\]. In previous studies, we found that magnesium acetyltaurate (MgAT), a salt consisting of Mg and TAU, protects against endothelin-1 and NMDA induced retinal damage \[[@r34],[@r35]\]. However, it remains unknown whether this effect of MgAT involves altered retinal NOS expression. Moreover, it is not clear whether the addition of Mg to TAU has greater effectiveness than TAU alone. Therefore, we performed the present study to evaluate whether the protective effect of MgAT against NMDA-induced retinal damage involves altered NOS expression and reduction in nitrosative stress. Second, we investigated the similar effect of TAU alone in comparison with MgAT to determine whether the addition of Mg to TAU provides greater retinal cell protection compared to TAU alone.

Methods
=======

All experimental protocols and procedures in this study followed the tenets of the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. The study was approved by Amimal Care and Use Committee of Universiti Teknologi MARA. Sprague Dawley rats weighing 220--250 g, of either sex, were procured from the Laboratory Animal Care Unit, Faculty of Medicine, Universiti Teknologi Mara. The rats were housed under standard laboratory conditions with a 12 h:12 h light-dark cycle with access to food and water ad libitum. All animals were subjected to general and ophthalmic examination, and those found to be normal were included in this study. NMDA and TAU were purchased from Sigma-Aldrich (St. Louis, MO). MgAT was synthesized at the Chemical Pharmaceutical Department of the Research Institute of Pharmacology (Volgograd State Medical University, Volgograd, Russian Federation) as described previously \[[@r36]\].

Study design
------------

The Sprague Dawley rats were randomly divided into eight groups of 24 rats each (n=48 eyes per group). Groups 1 and 2 were intravitreally injected with PBS (1X; 1 mM KH2PO4, 155 mM Nacl2, 2 mM Na2HPO4-7H2O, pH 7.4) and 160 nM of NMDA, respectively. Group 3 received an intravitreal injection of 320 nM of MgAT, 24 h before 160 nM of NMDA (the MgAT pretreatment group). Rats in group 4 were injected with 160 nM of NMDA and 320 nM of MgAT simultaneously (the MgAT cotreatment group). Group 5 was injected with 160 nM of NMDA, 24 h before 320 nM of MgAT (the MgAT post-treatment group). Selection of the dose of NMDA and MgAT was based on our previous studies \[[@r35],[@r37]\]. Groups 6, 7, and 8 similarly received 320 nM of TAU, a concentration equimolar to MgAT, as pre-, co-, and post-treatment with NMDA, respectively. Seven days after intravitreal injection, the animals were euthanized with an intraperitoneal injection of pentobarbital (100 mg/kg). A suture was placed at the 12 o'clock position for better orientation, and both eyes were enucleated and processed for immunohistochemical examination of NOS expression (n=6 for each NOS isoform), enzyme-linked immunosorbent assay (ELISA) for quantitative estimation of NOS expression (n=6 for each NOS isoform), estimation of retinal nitrosative stress using ELISA (n=6), histological examination of retinal morphology (n=6), and estimation of the extent of retinal cell apoptosis using terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining (n=6). For estimation of NOS expression using ELISA, retinas from two eyes of the same animal were pooled. The six eyes for the estimation of each of the remaining parameters were from six different animals. For the histological and immunohistological examinations, the paraffin- embedded tissue was sectioned at 1 mm from the temporal edge of the optic nerve head. For measurements, images of the retinal sections were captured from three randomly selected areas using a digital camera attached to a light microscope at 20X magnification (NIS-Elements Basic Research, Nikon Instrument Inc, New York, NY). All estimations were performed by two masked observers. For each observer, the average of the values from three random areas was calculated, and subsequently, the average of the values obtained by two observers was taken as the final estimate.

For the intravitreal injections, the rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (65 mg/kg) followed by a drop of 0.5% Alcaine (Sigma) on the ocular surface for local anesthesia. First, a 30-gauge needle was used to puncture the sclera superonasally 1 mm behind the limbus. This was followed by insertion of a 10 µl Hamilton syringe through the puncture site, and the injections were made using the Hamilton syringe. All injections were given in a total volume of 2 µl slowly over 1 min to avoid any pressure-induced retinal damage.

Immunohistochemical staining for NOS isoforms
---------------------------------------------

For immunohistochemical staining, the tissue sections were placed on a poly-L-lysine glass slide. Antigen retrieval was done using 10 mM of Tween-200 (pH 6.0) at the boiling point for 20 min in a domestic microwave oven. Then, the slides were washed in running cold tap water for 10 min. After that, the slides were washed twice with TBS plus 0.025% Triton X-100 for 5 min each followed by peroxidase blocking for 30 min and washing with TBS plus Triton X-100 0.025% for 5 min. The primary antibodies used were monoclonal rabbit antibody for nNOS, iNOS 2 and eNOS (Santa Cruz Biotechnology, CA) while the secondary antibody was anti-rabbit conjugated with fluorescein isothiocyanate (FITC). For treatment with the primary antibody, 100 µl was diluted with 10 mM Tris 1% bovine serum albumin (BSA; 2:98), and incubation was done overnight at 4 °C. Following day, the slides were rinsed with TBS 0.025% Triton X-100 for 5 min. Then, the sections were incubated with the secondary antibody for 1 h. After the incubation period, the slides were washed twice with TBS plus 0.025% Triton X-100 for 5 min each and counter-stained with 4′,6-diamidino-2-phenylindole (DAPI) diluted in PBS 1 mM (1:999) for 10 min. The slides were then mounted and observed using a fluorescence microscope (Olympus; BX61TRF-FL-CCD) in a dark room at an excitation 488/520 nm filter for FITC and 358 nm for DAPI. Three randomly selected fields measured from each section were viewed at 20X magnification. Images were saved in the .jpg image format, the number of fluorescent signals in the inner retina (IR) was counted in the field of view, and the average from three areas in each section was obtained. Subsequently, the number of fluorescent signals per 100 μm^2^ area of the IR was calculated. The average numeric values obtained by two masked investigators were taken as the final estimate and used for the statistical analysis.

ELISA for quantitative estimation of NOS isoforms
-------------------------------------------------

The retinal expression of all three NOS isoforms was quantified using commercially available ELISA kits (Elabscience Biotechnology, Houston, TX) according to the manufacturer's protocol. Briefly, the retinal tissues were homogenized in 500 µl of PBS on ice and centrifuged to get the supernatant. Then, the standards and the samples were added to the designated wells in plates precoated with antibodies (nNOS, iNOS and eNOS). After incubation for 90 min, the biotinylated detection antibody and the horseradish peroxidase (HRP) conjugate were added. The plates were washed, and the substrate reagent was added in a dark room. The reactions were stopped with the stop solution, and optical density was measured at the 450 nm wavelength. All estimations were done in duplicate. The total protein content in the retinal samples was estimated using the Bradford method.

ELISA for estimation of retinal nitrosative stress
--------------------------------------------------

The measurement of 3-nitrotyrosine (3-NT) indirectly provides estimation of peroxynitrite in the samples. For the nitrotyrosine assay, the retinal tissue was homogenized on ice in 100 µl of PBS and centrifuged to get the supernatant. The assay was performed according to the manufacturer's instructions using an ELISA kit (Elabscience Biotechnology, Houston, TX). All estimations were performed in duplicate.

Histological examination of retinal morphology
----------------------------------------------

Morphology of the retina was examined using hematoxylin and eosin (H&E) staining. The enucleated eyes were fixed in 10% formaldehyde for 24 h. The anterior segments were carefully removed, and the rest of the eyecups were embedded in paraffin and sectioned at 3 µm thickness at 1 mm from the temporal edge of the optic disc. The sections were stained with H&E and examined under a light microscope. Three randomly selected fields of view from each section were calibrated at 20X magnification and saved in the .jpg image format. Using image analysis software (ImageJ 1.31, National Institutes of Health, Bethesda, MD), we estimated the thickness of the ganglion cell layer (GCL), the thickness of the IR comprising the GCL and the inner plexiform layer (IPL), and the number of retinal cell nuclei in the area of the IR. The parameters used for morphometric analysis included the fractional thickness of the GCL within the IR and the number of nuclei per 100 µm^2^ of the IR. Cell nuclei with a diameter of less than 7 μm and those of morphologically distinguishable glial cells and vascular endothelial cells were excluded from the cell count \[[@r38]-[@r40]\]. All observations were made by two masked investigators. The average of the numeric values obtained by two masked investigators was taken as the final estimate.

TUNEL for detection of apoptotic retinal cells
----------------------------------------------

Detection of DNA fragmentation in apoptotic retinal cells was done with TUNEL staining. We used the In situ DNA Fragmentation Assay Kit (Biovision Inc, Milpitas, CA) according to the manufacturer's protocol. The tissue sections were placed in an incubator at 60 °C for 30 min, and the paraffin was removed with xylene. This was followed by rehydration and fixation in 4% formaldehyde. Antigen retrieval was performed with 100 µl of Proteinase K (2 µl Protease K + 998 µl Tris-HCl, pH 8, 50 mM EDTA) for 5 min. The sections were then incubated with 50 µl of DNA labeling solution (TdT reaction buffer:TdT enzyme:Br-dUTP) in a dark humidified chamber for 60 min. Following this, the sections were incubated with anti-Brdu FITC antibody for 30 min at room temperature, and further incubation was done for 30 min in a dark humidified chamber with 100 µl of propidium iodide. After mounting, the sections were viewed immediately using FITC (488/520 nm) and rhodamine (488/623 nm) filters. Apoptotic cells exhibited strong green fluorescence whereas other cells showed strong red counterstaining. Images were captured using an Olympus BX5 Fluorescence Trinocular Microscope (Olympus, Tokyo, Japan) at 20X magnification and saved as .jpg images. The apoptotic signals in three randomly selected areas of IR per section were counted by two masked investigators. The average of the numeric values obtained by the two masked investigators was taken as the final estimate.

Statistical analysis
--------------------

All values were expressed as mean ± standard deviation (SD). Statistical comparison among groups was performed using one-way ANOVA with Bonferroni's correction. A p value of less than 0.05 was considered statistically significant.

Results
=======

Effect of MgAT and TAU on NMDA-induced changes in retinal NOS expression: Immunohistochemistry
----------------------------------------------------------------------------------------------

The changes in the expression of nNOS in response to treatment with MgAT or TAU were estimated by comparing the number of nNOS-positive cells per 100 μm^2^ of the IR among the groups. We observed the significantly greater presence of nNOS in the IR of NMDA-treated group whereas minimal fluorescence was observed for nNOS in the PBS and MgAT pretreatment groups. The number of immunopositive cells for nNOS was 0.044±0.009 in the NMDA-treated group compared to 0.01±0.001 and 0.022±0.006 in the PBS- and MgAT-pretreated groups, respectively (p\<0.001 for both groups). In the MgAT cotreatment group, although nNOS expression was significantly lower than in the NMDA-treated group with mean values of 0.030±0.008 (p\<0.01), the expression remained significantly higher than that in the PBS-injected group (p\<0.05). Among the TAU-treated groups, the number of nNOS-positive cells in the pre- and cotreatment groups was 0.024±0.005 and 0.028±0.003, which was significantly lower than that in the NMDA-treated group (p\<0.001) but remained significantly higher than that in the PBS-injected group (p\<0.01). nNOS expression in the MgAT and TAU post-treatment groups showed a mean value of 0.034±0.006 and 0.036±0.003, respectively. In both groups, the nNOS expression was significantly greater compared to that in the PBS-treated group (p\<0.001) and was comparable to that in the NMDA-treated group (p\>0.05; [Figure 1A,B](#f1){ref-type="fig"}).

![Effect of MgAT and TAU on NMDA-induced changes in nNOS expression. **A**: Microphotographs of retinal sections immunostained with nNOS antibodies showing the effect of MgAT and TAU on the NMDA-induced increase in the expression of nNOS. (20X). Green fluorescence shows nNOS expression stained with fluorescein isothiocyanate (FITC; shown by arrow) while blue fluorescence shows retinal nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar represents 50 μm. **B**: Quantitative estimation of the effect of MgAT and TAU on the NMDA-induced increase in the expression of nNOS is also represented graphically. Pre, Co, and Post indicate that MgAT/TAU were injected 24 h before, simultaneously, or 24 h after intravitreal administration of NMDA, respectively. \*p\<0.05 versus the PBS-treated group, \*\*p\<0.01 versus the PBS-treated group, \*\*\*p\<0.001 versus the PBS-treated group, \#\#\#p\<0.001 versus the NMDA-treated group, n=6; bars represent mean ± SD. NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium acetyl taurate, TAU: Taurine, GCL: Ganglion cell layer.](mv-v24-495-f1){#f1}

Expression of iNOS, which was also expressed as iNOS-positive cells/100 μm^2^ of the IR, showed a trend similar to that for nNOS with significantly greater expression in the NMDA-treated group with a mean value of 0.057±0.005 compared to 0.021±0.004 in the PBS-treated group (p\<0.001). In the MgAT pre-, co-, and post-treatment groups, the mean iNOS-positive cell numbers were 0.016±0.003, 0.037±0.005, and 0.034±0.005, respectively. In all three MgAT-treated groups, iNOS expression was significantly lower compared to that in the NMDA-treated group (p\<0.001 for all three groups). However, only in the pretreatment group, the level of iNOS expression was comparable to that in the PBS-treated group (p\>0.05). Among the TAU-treated groups, the pre- and cotreatment groups showed significantly lower iNOS expression compared to the NMDA-treated group with a mean immunopositive cell count of 0.028±0.005 and 0.044±0.012, respectively (p\<0.001 and p\<0.01, respectively). Although the TAU pretreatment group showed no significant difference from the PBS-treated group, iNOS expression in this group was statistically significantly greater than that in the MgAT pretreatment group (p\<0.05). In the TAU post-treatment group, iNOS expression was significantly greater than that in the PBS-treated group (p\<0.001) with a mean value of 0.039±0.005 ([Figure 2A,B](#f2){ref-type="fig"}).

![Effect of MgAT and TAU on NMDA-induced changes in iNOS expression. **A**: Microphotographs of retinal sections immunostained with iNOS antibodies showing the effect of MgAT and TAU on the NMDA-induced increase in the expression of iNOS (20X). Green fluorescence shows iNOS expression stained with FITC (shown by arrow) while blue fluorescence shows retinal nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar represents 50 μm. **B**: Quantitative estimation of the effect of MgAT and TAU on the NMDA-induced increase in the expression of iNOS is also represented graphically. Pre, Co, and Post indicate that MgAT/TAU were injected 24 h before, simultaneously, or 24 h after intravitreal administration of NMDA, respectively. \*\*\*p\<0.001 versus the PBS-treated group, \#\#p\<0.01 versus the NMDA-treated group, \#\#\#p\<0.001 versus the NMDA-treated group, \$p\<0.05 corresponding MgAT versus TAU groups, n=6; bars represent mean ± SD. NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium acetyl taurate, TAU: Taurine, GCL: Ganglion cell layer.](mv-v24-495-f2){#f2}

To estimate the changes in the expression of eNOS, the number of eNOS-positive cells/100 μm^2^ of the IR was compared among the groups. In contrast to nNOS and iNOS, we observed significantly lower eNOS expression in the NMDA-treated group with a mean immunopositive cell count of 0.032±0.006 compared to 0.052±0.008 in the PBS-treated group (p\<0.001). Among all treatment groups, only the MgAT pretreatment group showed significantly greater eNOS expression with a mean immunopositive cell count of 0.045±0.004 compared to that in the NMDA-treated group (p\<0.05). In the MgAT co- and post-treatment groups, eNOS expression was 0.037±0.001 and 0.037±0.004, respectively (p\<0.01 versus PBS-treated group). The eNOS expression in the TAU pre-, co-, and post-treatment groups was significantly lower than that in the PBS-treated group (p\<0.001, p\<0.001, and p\<0.01, respectively) with mean values of 0.033±0.006, 0.036±0.003, and 0.037±0.005, respectively ([Figure 3A,B](#f3){ref-type="fig"}). Furthermore, eNOS expression in the MgAT pretreatment group was significantly lower than that in the corresponding TAU-treated group (p\<0.05; [Figure 3A,B](#f3){ref-type="fig"}).

![Effect of MgAT and TAU on NMDA-induced changes in eNOS expression. **A**: Microphotographs of retinal sections immunostained with eNOS antibodies showing the effect of MgAT and TAU on the NMDA-induced decrease in the expression of iNOS (20X). Green fluorescence shows eNOS expression stained with FITC (shown by arrow) while blue fluorescence shows retinal nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar represents 50 μm. **B**: Quantitative estimation of the effect of MgAT and TAU on the NMDA-induced decrease in the expression of eNOS is also represented graphically. Pre, Co, and Post indicate that MgAT/TAU were injected 24 h before, simultaneously, or 24 h after intravitreal administration of NMDA, respectively. \*\*p\<0.01 versus the PBS-treated group, \*\*\*p\<0.001 versus the PBS-treated group, \#p\<0.05 versus the NMDA-treated group, \$p\<0.05 corresponding MgAT versus TAU groups, n=6; bars represent mean ± SD. NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium acetyl taurate, TAU: Taurine, GCL: Ganglion cell layer.](mv-v24-495-f3){#f3}

Effect of MgAT and TAU on NMDA-induced changes in retinal NOS expression: ELISA
-------------------------------------------------------------------------------

We further confirmed the effects of treatment with MgAT and TAU on retinal expression of NOS isoforms using ELISA ([Table 1](#t1){ref-type="table"}). The expression of nNOS increased by 139-fold after intravitreal injection of NMDA compared to that in the PBS-injected group (p\<0.001). Pretreatment with MgAT and TAU resulted in 11.21- and 9.22-fold reduction, respectively, compared to the NMDA-treated group (p\<0.01). In the MgAT and TAU pretreated groups, nNOS expression remained significantly higher than in the PBS-treated group (p\<0.05 and p\<0.001, respectively). In the MgAT and TAU cotreatment groups, nNOS expression remained significantly greater than in the PBS-treated group (p\<0.05 and p\<0.001, respectively). However, nNOS expression was significantly lower than in the NMDA-treated group (p\<0.05). Post-treatment with MgAT and TAU did not cause a significant change in retinal nNOS expression compared to the NMDA-treated group and remained significantly greater than in the PBS-treated group (p\<0.05 and p\<0.01, respectively).

###### Effect of treatment with MgAT and TAU on NMDA-induced changes in retinal expression of NOS isoforms as determined by ELISA.

  Treatment   nNOS (ng/mg protein)    iNOS (ng/mg protein)    eNOS (pg/mg protein)    
  ----------- ----------------------- ----------------------- ----------------------- -----------------
  PBS                                 0.034±0.018             0.072±0.029             5.320±0.905
  NMDA                                4.729±0.880\*\*\*       8.039±2.125\*\*\*       1.926±0.980\*\*
  Pre         MgAT                    0.422±0.179\*\#\#       0.247±0.108\*\#\#\$\$   3.789±0.214\#\$
  Tau         0.513±0.178\*\*\*\#\#   1.659±0.521\*\*\#\#     2.536±0.492             
  Co          MgAT                    0.558±0.196\*\#         1.498±0.369\*\*\#\#     3.162±0.639\*\#
  Tau         0.441±0.065\*\*\*\#     2.161±0.266\*\*\*\#\#   2.869±0.650\*           
  Post        MgAT                    2.952±0.956\*           1.235±0.487\*\#         2.819±0.298\*
  Tau         4.467±1.439\*\*         1.950±0.587\*\*\#       2.783±0.623\*           

All values are mean ± SD n=6. \*p\<0.05 versus PBS group; \*\*p\<0.01 versus PBS group, \*\*\*p\<0.001 versus PBS group, \#p\<0.05 versus NMDA group, \#\#p\<0.01 versus NMDA group, \$p\<0.05 corresponding MgAT versus TAU groups; \$\$p\<0.01 corresponding MgAT versus TAU groups NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium Acetlytaurate, TAU: Taurine, Pre: Treatment was given 24 h before NMDA; Co-treatment was co-administered with NMDA; Post: treatment was administered 24 h after NMDA.

iNOS expression in NMDA-exposed retinas increased by 111.65-fold compared to the PBS-exposed retinas (p\<0.001). Pretreatment with MgAT and TAU resulted in a 32.55- and 4.85-fold reduction in NMDA-induced retinal iNOS expression (p\<0.01). However, it remained significantly greater than the PBS-injected group (p\<0.05 and p\<0.01, respectively). Moreover, the iNOS expression in the MgAT-pretreated group was significantly lower than in the TAU pretreatment group (p\<0.01). Cotreatment with MgAT and TAU, however, resulted in reduction of NMDA-induced iNOS exprssion by 5.37- and 3.72-fold, respectively, (p\<0.01). iNOS expression in both of these groups, compared to the PBS-treated group, remained 20.81- (p\<0.01) and 30.01-fold (p\<0.001) higher, respectively. Similarly in the MgAT and TAU post-treatment groups, retinal iNOS expression was significantly lower than in the NMDA-treated group (p\<0.05) but remained significantly greater than in the PBS-treated group (p\<0.05 and p\<0.01 respectively).

In contrast to nNOS and iNOS, retinal eNOS expression was 2.76-fold lower in the NMDA-treated group compared to the PBS-treated group (p\<0.01). Pretreatment with MgAT caused a 1.97-fold increase in retinal eNOS expression compared to the NMDA-treated group (p\<0.05). Pretreatment with TAU, however, did not cause a significant increase in eNOS expression compared to the NMDA-treated group and remained significantly lower than that of the MgAT-pretreated group (p\<0.05). In the MgAT and TAU cotreatment groups, eNOS expression was significantly lower than in the PBS-treated group (p\<0.05); however, in the MgAT-pretreated group, eNOS expression was 1.64-fold greater than in the NMDA-treated group (p\<0.05). Both post-treatment groups showed significantly lower eNOS expression compared to the PBS-treated group (p\<0.05), and no difference compared to the NMDA-treated group was observed.

Effect of MgAT and TAU on NMDA-induced retinal 3-NT contents
------------------------------------------------------------

Retinal nitrosative stress was evaluated by measuring the retinal 3-NT levels. The NMDA-treated group showed significantly higher 3-NT levels compared to the PBS-treated group with a 1.61-fold increase (p\<0.001). Among the MgAT treatment groups, only the pretreated group showed a 1.47-fold lower retinal 3-NT level compared to the NMDA-treated group, and the difference was significant (p\<0.001). None of the TAU-treated groups showed significantly lower retinal 3-NT levels compared to the NMDA-treated group. Moreover, in the TAU pretreatment group, the 3-NT level was 1.38-fold greater than in the MgAT pretreatment group (p\<0.01; [Table 2](#t2){ref-type="table"}).

###### Effect of MgAT and TAU on NMDA induced retinal nitrosative stress.

  3-NT (ng/ml/mg retina)   PBS           NMDA                PRE
  ------------------------ ------------- ------------------- ------
                           0.703±0.171   1.133±0.081\*\*\*   MgAT
  0.770±0.068\#\#\#\$\$    0.954±0.127   0.979±0.106         
  TAU                                                        
  1.059±0.054\*\*          1.042±0.079   1.071±0.071         

Pre, Co and Post indicate that MgAT/TAU was injected 24 h before, simultaneously or 24 h after intravitreal NMDA administration, respectively. NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium Acetlytaurate, TAU: Taurine \*\*p\<0.01 versus PBS group, \*\*\*p\<0.001 versus PBS group, \#\#\#p\<0.001 versus NMDA group, \$\$\$p\<0.001 corresponding MgAT versus TAU groups

Effect of MgAT and TAU on NMDA-induced changes in retinal morphology
--------------------------------------------------------------------

Examination of the H&E-stained retinal sections showed that the fraction of GCL thickness within the IR was 24.75±1.850 in the NMDA-injected rat eyes compared to 39.18±4.200 in the PBS-treated group, amounting to a 1.58-fold reduction (p\<0.001). In the MgAT pre- and cotreatment groups, the fraction of the GCL thickness was 38.14±4.330 and 30.82±4.150, respectively. In both groups, the GCL thickness was significantly greater than in the NMDA-treated group (p\<0.001 and p\<0.05, respectively) but comparable to that in the PBS-treated group. Similarly, in the TAU pre- and cotreatment groups, the fraction of the GCL thickness within the IR was significantly greater than in the NMDA-treated groups (p\<0.001 and p\<0.05, respectively) with mean values of 30.90±4.67 and 30.66±4.61, respectively. We noted that the GCL thickness in the MgAT-pretreated group was significantly greater than that in the TAU-pretreated group (p\<0.05). The MgAT and TAU post-treatment groups showed no significant difference in the GCL thickness compared to the NMDA-treated and PBS-treated groups with mean values of 27.96±3.390 and 25.89±3.740, respectively ([Figure 4](#f4){ref-type="fig"} and [Figure 5A](#f5){ref-type="fig"}).

![Effect of MgAT and TAU on NMDA-induced changes on retinal morphology (20X). Pre, Co, and Post indicate that MgAT/TAU were injected 24 h before, simultaneously, or 24 h after intravitreal administration of NMDA, respectively. Scale bar represents 50 μm. NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium acetyl taurate, TAU: Taurine, GCL: Ganglion cell layer, IPL: Inner plexiform layer; IR: Inner retina.](mv-v24-495-f4){#f4}

![Quantitative estimation of the effect of MgAT and TAU on NMDA-induced changes in retinal morphology. Upper panel shows the effect of MgAT and TAU on NMDA-induced changes in the thickness of the GCL (%) within IR while the lower panel shows the effects of same on numeric density of the retinal cell nuclei in IR. Pre, Co, and Post indicate that MgAT/TAU were injected 24 h before, simultaneously, or 24 h after intravitreal administration of NMDA, respectively. NMDA: N-methyl-D-aspartic acid; MgAT: Magnesium acetyltaurate; TAU: Taurine; GCL: Ganglion cell layer; IR: Inner retina \*\*\*p\<0.001 versus the PBS-treated group; \#p\<0.05 versus the NMDA-treated group; \#\#p\<0.01 versus the NMDA-treated group; \#\#\#p\<0.001 versus the NMDA-treated group; \$p=0.045 corresponding MgAT versus TAU groups, N=6; Bars represent mean ± SD.](mv-v24-495-f5){#f5}

In accordance with the observations for the GCL thickness, we observed a 2.04-fold reduction in the number of retinal cell nuclei/100 μm^2^ of the IR in the NMDA-treated group compared to the PBS-treated group with mean values of 0.045±0.012 and 0.092±0.015, respectively (p\<0.001). In the MgAT pre-, co-, and post-treatment groups, the number of retinal cell nuclei/100 μm^2^ of the IR was increased by 2.35-, 2.38-, and 2.33-fold compared to the NMDA-treated group (p\<0.001 for all three groups compared to the NMDA-treated group). The number of retinal cell nuclei/100 μm^2^ of the IR showed an increase by 2.26-, 2.69-, and 2.25-fold in the TAU pre-, co-, and post-treatment groups, respectively, compared to the NMDA-treated group (p\<0.001 for all three groups; [Figure 4](#f4){ref-type="fig"} and [Figure 5B](#f5){ref-type="fig"}).

Effect of MgAT and TAU on NMDA-induced retinal cell apoptosis
-------------------------------------------------------------

The effect of MgAT and TAU against NMDA-induced retinal cell apoptosis was investigated using TUNEL staining, and the number of TUNEL-positive cells was expressed per 100 μm^2^ of the IR. Although numerous apoptotic cells were visualized in the NMDA-treated group (0.038±0.005), a significantly lower number of apoptotic cells was seen in the PBS-treated group (0.018±0.005). Apoptotic signals were significantly fewer in the MgAT pre- and cotreatment groups (0.016±0.002 and 0.024±0.005, respectively) compared to the NMDA-treated group (p\<0.001 for both groups). The TAU pre- and cotreatment groups showed a significantly lower mean apoptotic cell count compared to the NMDA-treated group with mean values of 0.027±0.002 (p\<0.001) and 0.029±0.007 (p\<0.05), respectively. In both groups, however, the number of apoptotic cells was greater than in the PBS-treated group (p\<0.05 and p\<0.001, respectively). The extent of apoptosis in the MgAT and TAU post-treatment groups (0.038±0.003 and 0.033±0.004, respectively) was comparable to that in the NMDA-treated group. Among all groups, the MgAT pretreatment group showed the lowest number of apoptotic signals, and the apoptotic signal count in this group was significantly lower than that in the TAU pretreatment group (p\<0.01; [Figure 6A,B](#f6){ref-type="fig"}).

![Effect of MgAT and TAU on NMDA-induced retinal cell apoptosis. **A**: Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeled (TUNEL) stained retinal microphotographs. Green fluorescence shows the apoptotic signals (shown by arrow). Scale bar represents 50 μm. **B**: Quantitative estimation of the effect of MgAT and TAU on NMDA-induced retinal cell apoptosis in the IR is also shown graphically. Pre, Co, and Post indicate that MgAT/TAU were injected 24 h before, simultaneously, or 24 h after intravitreal administration of NMDA, respectively. \*p\<0.05 versus the NMDA-treated group,\*\*\*p\<0.001 versus the PBS-treated group, \#p\<0.05 versus the NMDA-treated group, \#\#\#p\<0.001 versus NMDA, \$p=0.045 corresponding MgAT versus TAU groups, n=6; bars represent mean ± SD. NMDA: N-methyl-D-aspartic acid, MgAT: Magnesium acetyl taurate, TAU: Taurine, GCL: Ganglion cell layer.](mv-v24-495-f6){#f6}

Discussion
==========

RGC death is the pathological endpoint in glaucoma. Often, RGC death is associated with elevated intraocular pressure (IOP). Thus, for a long time research has focused on strategies for lowering IOP. The realization that decreasing IOP only is not sufficient to halt progression of the disease has now prompted researchers to look for newer therapeutic targets that can provide protection for RGCs. Excitotoxicity is known to play an important role in retinal neurodegenerative diseases such as glaucoma; and nitrosative stress is implicated in excitotoxic neuronal damage \[[@r41]\]. Studies have suggested that an elevated NO level in retinal tissue is involved in glaucomatous RGC loss. Intravitreal injection of NO donors causes a significant decrease in cell density in the GCL and thinning of the inner plexiform layer in a half-life time-dependent manner. Concurrent administration of a NO trapping reagent and an NMDA receptor antagonist abolishes NO donor-induced retinal damage \[[@r38]\]. Inhibition of NO production by a NOS inhibitor has been shown to protect RGCs against NMDA-induced cell death \[[@r42]\]. In accordance with these observations, the present study also demonstrated that NMDA-induced excitotoxic damage to the retina is associated with retinal nitrosative stress. In response to the single intravitreal injection of NMDA, we observed significant thinning of the GCL and a decreased number of neuronal cells in the IR. The number of apoptotic cells was significantly increased after administration of NMDA, and this increase was associated with increased expression of nNOS and iNOS, reduced expression of eNOS, and increased retinal content of NO metabolite, and peroxynitrite, as estimated by the retinal nitrotyrosine contents. Peroxynitrite is a highly reactive nitrogen species, which is formed by reaction of excessive NO with superoxide radicals. Increased levels of peroxynitrite and other reactive nitrogen species beyond the antioxidant capacity of the tissue result in tyrosine nitration affecting the protein structure and function, and thus, cause cellular damage \[[@r43]\].

This study showed that treatment with MgAT reduces NMDA-induced retinal cell apoptosis, which was in accordance with our previous studies \[[@r35],[@r37]\]. Here, for the first time, we demonstrated that this protective effect of MgAT is associated with reduced retinal nitrosative stress as a consequence of the near normal expression of NOS isoforms in MgAT-treated groups. In the present study, we observed reduced expression of nNOS in the MgAT treatment groups compared to the NMDA-treated group. This decreased expression could be attributed to the ability of Mg to antagonize NMDA receptors, thus blocking the Ca^2+^ entry and as a consequence, reduced Ca^2+^-dependent increase in nNOS expression. A similar observation was made in the groups treated with TAU alone. This may be due to direct modulation of NMDA receptors by TAU \[[@r24]\]. TAU seems to modulate NMDA receptors by acting on the NMDA GluN1/GluN2B receptor sub-type \[[@r44]\].

In contrast to observations for nNOS, we observed reduced expression of eNOS in response to injection of NMDA despite its known Ca^2+^-dependent expression. This result could be attributed to loss of endothelial cells in the retinal vessels after the NMDA injection. Ueda et al. showed that 7 days after a single intravitreal injection of NMDA, loss of RGCs and thinning of the inner plexiform layer are associated with the disappearance of endothelial cells, regression of vessels, and the presence of empty basement membrane sleeves \[[@r45]\]. In another study, endothelium-dependent vasodilation in retinal blood vessels was impaired 14 days after intravitreal injection of NMDA in rats \[[@r46]\]. Thus, NMDA-induced endothelial cell damage in retinal vessels seems to underlie reduced eNOS expression in NMDA-treated rat eyes. In a previous study, oral supplementation with magnesium N-acetyl taurate was shown to restore endothelial functions and endothelium-dependent vasodilation in Mg-deficient rats \[[@r47]\]. In accordance with these observations, in the present study, treatment with MgAT restored eNOS expression. We also observed significantly greater eNOS expression in eyes treated with TAU alone, which was in accordance with other studies that showed treatment with TAU improves endothelial function \[[@r48],[@r49]\]. The extent of the increase in eNOS expression in all three TAU treated groups, however, remained lower compared to that in the corresponding MgAT-treated groups. This difference may perhaps be due to only a single dose of TAU in this study in contrast to the longer treatment duration in previous studies.

Excitotoxicity caused by NMDA in the present study was associated with significantly greater iNOS expression. iNOS is induced under pathological conditions, such as inflammation or ischemia. Activation of the NMDA receptor also results in increased expression of inflammatory cytokines; however, the mechanisms involved remain unclear. Moreover, NMDA-induced neuronal death mediated through cytokines depends on iNOS expression \[[@r50]\]. Increased iNOS activity generates a large amount of NO in a Ca^2+^-independent manner \[[@r51]\]. Accordingly, in the present study we observed increased iNOS expression and increased 3-NT levels in response to exposure to NMDA. MgAT and TAU suppressed the NMDA-induced increase in iNOS expression. This effect of MgAT and TAU could be attributed to the antagonistic effect of magnesium and TAU on NMDA receptors \[[@r44],[@r52]\]. Magnesium and TAU have previously been shown to suppress iNOS expression \[[@r53]-[@r55]\].

The present study did not include a treatment group with Mg alone because Mg has to be administered as a salt with an anion such as MgCl~2~ or MgSO~4~, and the anions affect the membrane permeation properties of Mg differently \[[@r56]-[@r60]\]. nNOS and iNOS are potent sources of NO generation \[[@r61]\], and as NMDA-induced expression of iNOS and eNOS was suppressed to a greater extent in the MgAT treatment group than TAU alone, we observed greater suppression of NO generation in the MgAT-treated group. Accordingly, the relative excess of retinal NO levels in the TAU-treated group led to greater retinal cell apoptosis and morphological alterations as observed in the TUNEL and H&E-stained retinal sections. Therefore, the difference in the GCL thickness and the extent of apoptosis between these two groups was significant (p\<0.05 and p\<0.01, respectively). A combined salt of Mg and TAU seems to produce greater efficacy in restoring NOS expression compared to TAU alone. In the TAU-treated groups, although significantly greater improvement was observed when we counted cells per 100 μm^2^ area of the IR, this could not be interpreted as near equal cell survival as seen in the corresponding MgAT-treated groups. As the cell count took into account the area of the IR, the cell count may show an apparent increase in the TAU group due to thinning of the GCL.

Importantly, we also observed that pretreatment with both MgAT and TAU produces greater reduction in retinal nitrosative stress compared to co- and post-treatment. It is likely that the pathological chain of events set up by exposure to NMDA to some extent overwhelms the protective effects of simultaneous or subsequent administration of MgAT and TAU. However, when pretreatment was given, MgAT and TAU interfered with excitotoxicity and subsequent events.

In conclusion, MgAT and TAU protect against NMDA-induced retinal cell apoptosis by preventing altered expression of all three types of NOS isoforms and thus, reduce retinal nitrosative stress. Pretreatment with MgAT and TAU is more effective in correcting NMDA-induced retinal nitrosative stress compared to co- and post-treatment. Additionally, the addition of Mg to TAU seems to enhance the benefits of TAU alone.

We acknowledge the administrative and facility support by Research Management Institute, Institute of Medical Molecular Biotechnology (IMMB) and Laboratory Animal Care Unit, Universiti Teknologi MARA, Malaysia. Authors acknowledge the financial support by Universiti Teknologi MARA under grant no. 600-IRMI/DANA 5/3/BESTARI (006/2017) and 600-IRMI/DANA 5/3/LESTARI (0081/2016).
